Constructing an explicit compactification yielding a metastable de Sitter (dS) vacuum in a UV consistent string theory is an incredibly difficult open problem. Motivated by this issue, as well as the conjecture that all non-supersymmetric AdS vacua must decay, we discuss the alternative possibility of realizing an effective four-dimensional dS cosmology on a codimensionone bubble wall separating two AdS 5 vacua. The construction further elaborates on the scenario of arXiv:1807.01570, where the aforementioned cosmology arises due to a non-perturbative decay and is embedded in a five-dimensional bulk in a time-dependent way. In this paper we discuss the relation between this scenario and the weak gravity conjecture and further develop the details of the four-dimensional cosmology. We provide a bulk interpretation for the dS temperature as the Unruh temperature experienced by an accelerated observer riding the bubble.
Introduction

Over the past decade, evidence has accumulated indicating that it is surprisingly difficult to construct meta-stable dS-solutions in string theory (see [1] for a review). This has lead to the formulation of the de Sitter (dS) swampland conjecture [2, 3] , suggesting that no such dS vacua exists.
In a recent work [4] , we pointed towards a possible new route out of the swampland. Rather than assuming that a string theory realization of dS is a ten-dimensional meta-stable vacuum, we embed an effective dS in a higher dimensional string vacuum in a crucially time-dependent construction. Our starting point is a non-perturbatively unstable, but long-lived, anti-de Sitter (AdS) vacuum that decays to a lower, possibly supersymmetric (SUSY), AdS through bubble nucleation. Solving the Israel junctions conditions across the bubble wall -taking gravitational backreaction into accountwe find that the induced metric obeys the Friedmann equations with a positive cosmological constant. Furthermore, massive particles are described by the four-dimensional image of strings stretching outwards from the expanding bubble.
This construction is similar to, but crucially different from, the braneworld scenario of RandallSundrum (RS) [5, 6] . The RS construction joins the inside 1 of two AdS spacetimes across a brane with a 2 orbifold. In our construction, the decay of AdS through bubble nucleation necessarily implies that the brane joins two different AdS vacua with an inside and an outside. The lack of the 2 symmetry and the presence of an inside and an outside will lead to different physics on the brane. A positive cosmological constant is automatic; the condition that the bubble forms through an instanton with finite Euclidean action guarantees that the induced cosmological constant on the brane is positive. As stated above, some of the main motivation for this construction is the long-standing difficulty of finding fully explicit dS constructions in string theory and the resulting dS swampland conjectures. However, the scenario in [4] also draws crucial motivation from another corner of the swampland: the conjecture that all non-supersymmetric AdS vacua must decay [7, 8] as a consequence of the weak gravity conjecture (WGC) [9] . By exploring the consequences of this incarnation of the WGC, which has accumulated strong evidence including several recent proofs [10, 11] , we find a loophole in the much more controversial dS swampland conjecture. Although our construction does not involve a fundamental dS vacuum in string theory, the effective dS on the brane would be indistinguishable from a true dS vacuum to a low-energy observer. A toy-model exhibiting the presence of the necessary decay channel in a string vacuum of type IIB was presented in [4] , and a fully explicit string embedding remains a promising direction for future work.
Here we will further develop the low-energy cosmological implications of this model. Since our interest is cosmology, we will specialize to the decay of AdS 5 giving rise to a (3 + 1)-dimensional cosmology on the brane, however all results generalize to higher dimensions in a straightforward way. There have been various attempts at constructing dS cosmologies on branes. Among others, dS cosmologies from brane bending effects have been discussed in [12] and dilatonic braneworld models with self-tuning mechanisms for the four-dimensional cosmological constant have been discussed in [13] [14] [15] . In this paper, we show that the temperature associated with the Rindler horizon of a uniformly accelerating observer in AdS 5 is equal to the temperature associated to the cosmological horizon of the four-dimensional dS, thus providing a bulk interpretation of the dS temperature. Furthermore, by projecting the five-dimensional curvature onto the expanding brane using the Gauss equation, we derive the four-dimensional Einstein equations on the brane sourced by both matter and gravity.
The organization of this paper is as follows. In Section 2, we demonstrate the equivalence of a form of the WGC applied to higher form gauge fields and the condition that AdS supported by flux can decay through charged membrane nucleation [16] . After a brief review of the basic formalism in Section 3, we discuss the possibility of multiple bubble collisions and the lifetime of a typical dS cosmology. Then, in Section 4, we explain how the cosmological horizon can be understood as a Rindler horizon in the time-dependent five-dimensional setting. Section 5 investigates how radiation and matter can be added to our dS cosmology. We find that four-dimensional matter comes from stretched strings in five-dimensions and express the mass of a particle in terms of the string tension. In Section 6, we generalize the homogeneous and isotropic treatment of the Israel junction conditions using the Gauss-equation. In this way we verify that the induced, low-energy, four-dimensional gravity is described by the Einstein equations. We conclude, in Section 7, with some remarks and outlook regarding applications to holography, speculations on obtaining the standard model and phenomenologically viable inflation, and the inclusion of black holes in this model.
The decay of AdS
The basis for [4] is the nucleation of a spherical bubble mediating the decay of a non-supersymmetric AdS vacuum to an AdS vacuum with lower energy. It is not important that the vacuum that nucleates is supersymmetric, and it may be unstable. However, if the conjectures [7, 8] are true, the process will eventually terminate with the nucleation of a stable supersymmetric AdS. 2 Regardless of the stability of the nucleating vacuum, because the bubble is a spacelike surface that asymptotes to the lightcone, subsequent decays on the interior of a bubble will never collide or interact with the original domain wall and are therefore irrelevant to our construction. Since the abundance of non-supersymmetric vacua in flux compactifications of string theory was first pointed out [20, 21] , the stability of such vacua has been thoroughly explored (e.g. [22, 23] in the context of the WGC). In this section we attempt to make explicit the implicit argument behind [7, 8] which conclude that the WGC applied to higher form gauge fields implies that non-supersymmetric AdS must decay. We will show that an extension of the higher form WGC [24] to codimension-one branes is equivalent to the charge-to-tension relationship required for AdS (supported by flux) to be unstable to the nucleation of charged p-branes first derived by Brown and Teitelboim [16, 25] . We take this equivalence as preliminary evidence in support of the extension of the WGC. Taking these arguments to heart, it would be interesting to revisit the conclusions of [26] [27] [28] which find obstacles to certain decay channels involving the thin-wall limit of moduli domain walls in supergravity. These supergravity domain walls can be forbidden whereas instantons consisting of fundamental branes may still provide non-perturbative decay channels.
The Brown-Teitelboim instanton describes the nucleation of a spherical, charged, codimension-one membrane in a vacuum whose cosmological constant is sourced, at least in part, by a top-form flux (i.e. a d-form field strength in d-dimensions.) The membrane nucleates and discharges a unit of flux, thereby lowering the cosmological constant. The instanton solution describes an energy-conserving configuration where the sphere nucleates at rest at a finite size. The radius of the instanton is determined by the condition that the energy freed-up in reducing the cosmological constant exactly balances the energy cost of the tension of the membrane. Furthermore, [16] shows that charged bubbles cannot nucleate in AdS for any arbitrary value of the membrane charge-to-tension ratio. The reason for this is that if the tension becomes large relative to the charge, the critical bubble will have to grow so that the energy liberated in the volume of the bubble is enough to 'pay' for the energy cost of nucleating the membrane. However, in AdS at large radial coordinate, the volume and the area of a sphere grow with the same power of radius. Therefore making the bubble larger no longer balances the energy budget.
The condition for being able to nucleate a bubble arises from the condition that the radius of the critical bubble is real (eqn 5.12g of [16] [24] , can be written as,
We see that this does not trivially apply to the case of interest, d = 5, p = 3, because the right hand side becomes negative. This does not invalidate the inequality, but it makes it into a trivial statement. We propose a non-trivial extension of this result, effectively replacing
This results in precise agreement with (2) in the N → ∞ limit. While this extension is not derived from the extremal limit of a codimension-one black brane, we see that it shares the property that saturation of the inequality corresponds to an extremal, flat, domain wall. This flat domain wall does not have a finite Euclidean action and therefore cannot nucleate in a decay process, defining the boundary of stability. These similarities with the WGC applied to higher codimension objects, together with the equivalence to the Brown-Teitelboim result suggests an explicit argument behind the reasoning of [7, 8] .
Cosmology on a bubble
We begin here with a review of the basic setup in a theory that has two AdS 5 vacua: one with a cosmological constantΛ + := −6k
+ and another with a lower vacuum energy:
The vacuum with higher energy can then decay through the nucleation of a spherical Brown-Teitelboim instanton. Unlike the RS braneworld scenario, the spacetimes across this bubble are not related by a 2 symmetry i.e. the two sides are truly the inside and the outside of a bubble as required for the nucleation of the instanton.
In global coordinates, the metric inside and outside the bubble is given by
Parametrizing the radius of the brane in terms of proper time for an observer at rest on the bubble as r = a(τ), the induced metric takes the FLRW form,
Discontinuity of the metric across the brane forces the presence of a non-zero stress tensor on the brane, S a b , which is given by Israel's second junction condition
where
, and [·] represents the difference of the corresponding quantity across the brane. K ab is the extrinsic curvature defined as
where n α is a unit vector normal to the brane defined in the direction of increasing transverse volume, and e Assuming only spherical symmetry of the instanton (5) and a brane of constant tension, σ, (6) gives a first order equation for the evolution of the radius, a(τ):
where the dot represents derivative with respect to proper time on the brane. In the limit that all four-dimensional energy scales (set by curvature and the Hubble scale) are small compared to five-dimensional scales (i.e. 1/a k,ȧ/a k), the brane appears as a spatially flat Minkowski space with a critical tension:
For a brane with a slightly sub-critical tension, σ = σ crit (1 − ε), with ε > 0, expanding in ε gives the Friedmann equation
with the identifications
This represents a dS universe with positive spatial curvature. It is also important to note that the corrections to (9) are independent of a(τ). Therefore, neglecting to tune the brane tension to be near-critical will still result in a dS expansion, however the cosmological constant will be a more complicated expression. Examining the size of the cosmological constant relative to the four-dimensional reduced Planck mass we find:
In the last equality, and in the remainder of this work, we find it useful to assume no large hierarchy between the interior and exterior AdS radii, leading to the approximation
we see that as long as the five-dimensional spacetime is weakly curved (k < M 5 ) the four-dimensional cosmology will be as well. Furthermore, we are interested in the case of a phenomenologically relevant four-dimensional cosmology, i.e. , one with a cosmological constant problem, however we would like the fundamental AdS 5 vacuum to be natural. In this case, a modest hierarchy k < M 5 implies a tuning of the brane tension to be very nearly critical with ε ∼ 10 −120 .
Finally, it is worth noting that exactly this tuning, where the four-dimensional cosmology presents the observed cosmological constant problem but the five-dimensional vacuum has no extreme hierarchies, guarantees that the lifetime of a typical bubble before collision with another such bubble is longer that the four-dimensional Hubble time. Specifically, if we define boundary conditions such that we start in the AdS + vacuum and the instanton exists with finite Euclidean action, not only is a bubble guaranteed to nucleate, but due to the infinite volume of AdS, in fact an infinite number of decays will occur. Choosing 'our' bubble to be at the center of AdS, this means that at the same time, another bubble will nucleate near the boundary of AdS. Because the bubbles undergo constant proper acceleration, asymptoting to a lightcone, they will collide in a time of order the AdS radius: t col ∼ L + , measured in the global time coordinate (4) .
We would like to compare this to the Hubble time, given in a four-dimensional observer's proper time: τ H = H −1 . The relation between these two coordinates can be found by insisting that a point on the brane follows a timelike trajectory and results in: 
This indicates that we the expect braneworld cosmology to remain relatively uneventful for longer than the age of the universe, but one cannot wait an arbitrarily long time before a collision. However, the presence of a cutoff surface which results in a finite volume of AdS will exponentially increase the expected time until collision. On the other hand, brane collisions need not spell doom for braneworld observers and may give rise to interesting phenomenology related to inflation and reheating. We will come back to this point in Section 7.
Bulk acceleration and induced temperature
The new understanding of how to obtain a positive cosmological constant provided by this model also accounts for the presence of the cosmological horizon. One way to view the cosmological horizon is through its associated temperature. Just as black holes have a Hawking temperature, it is generally understood that there is a temperature -the dS temperature -associated with the cosmological horizon [29] . We will now show that this temperature can be understood as the Unruh temperature measured by an accelerated observer. 4 An observer living on the surface of the expanding bubble accelerates in the radial direction. The temperature measured by an observer in AdS with a proper acceleration a µ is given by [31]
where µ runs over the five-dimensional bulk. The proper acceleration of an observer in AdS is given by a µ =ẍ µ + Γ µ νσẋ νẋ σ . In global coordinates, i.e. (4),
where a prime denotes derivative with respect to the argument and a dot denotes derivative with respect to proper time (τ). For a timelike trajectory on the brane, i.e. , − f (r)ṫ 2 + f (r) −1ṙ 2 = −1, neglecting curvature and parametrizing the radius of the bubble in terms of the Hubble parameter, r ∼ exp(Hτ), the temperature is given by
The corrections here are consistent with neglecting spatial curvature in a late-time expansion. From the perspective of the four-dimensional observer, this is the temperature associated with the presence of a cosmological horizon. Alternatively, one can derive the dS temperature of [29] by considering a four-dimensional dS space with horizon at r = H −1
The temperature of dS can be computed by performing an analytic continuation of t → i t E and demanding that there are no conical singularities. This gives T dS = H/2π which matches the temperature observed by the observer on the expanding bubble at leading order.
Matter fields on the bubble
Soon after the introduction of the RS scenario it was realized that placing matter in the AdS 5 spacetime results in a radiation component in the four-dimensional cosmology [32] . The presence of fivedimensional matter in the bulk results in a Schwarzschild-AdS solution where the function f (r) in equation (4) becomes
Einstein's equations on the brane take the form of Friedmann equations with a spatial curvature, cosmological constant and radiation density:
While this can be used to explain an epoch of radiation domination, we also see that a bulk particle that 'rides' the bubble will also contribute as a radiation density. One way to understand this is that the effect of climbing the out of the gravitational well associated to the AdS throat results in an additional gravitational redshift to the mass of particles. Drawing inspiration from the Friedmann equation above, we see that in order to have four-dimensional matter which redshifts as 1/a 3 , one needs five-dimensional matter with a mass M ∼ r, i.e. , an object whose mass increases with r. A string with a constant tension could be one such object whose mass would go as M ∼ αr, where α is the tension of the string. In particular, we will look for a four-dimensional Friedmann equation with matter in the form of homogeneous dust. We start out with a five-dimensional asymptotically AdS black hole solution sourced by a uniform distribution of strings extending along the radial direction. The metric was constructed forty years ago and goes by the name of 'cloud of strings' [33, 34] . We briefly review the construction of this solution in AdS 5 as presented in [35, 36] . The Einstein's equations in the presence of a negative cosmological constantΛ 5 are
where T µν is the stress-energy tensor corresponding to a uniform distribution of strings,
As before, g µν is the five dimensional metric, while σ αβ now represents the induced metrics on the string worldsheets parametrized by ξ with tension T . The delta functions appear due to the presence of localized strings, with X labeling bulk coordinates and x i referring to the position of the i th string.
Two dimensions of the delta function correspond to the reparametrization freedom of the string worldsheet and are integrated out after fixing a particular gauge, for instance the static gauge, t = ξ 0 and r = ξ 1 . 5 The coefficient of the 1/r 2 term is chosen such that M is the ADM mass.
The smeared stress tensor µν can be defined as the integral of the stress tensor over a sphere. This gives
where α is the average tension density of the strings defined as
Here N is the number of strings and V 3 is a dimensionless volume factor measuring the volume of the three-sphere at some reference time, τ 0 defined by a(τ 0 ) = 1, (note that in our conventions the scale factor carries units of length). Einstein's equations can be solved with this smeared stress tensor to give
with
Using this metric in the bulk, the Friedmann equation becomeṡ
As expected, the cloud of strings in five dimensions induces massive matter on the four-dimensional universe, with the endpoints of the five-dimensional strings representing massive particles in four dimensions.
It is straightforward to calculate the effective mass of a particle as seen from the four-dimensional braneworld in terms of tension of the string. As discussed before, the contribution of the mass term in g t t of the bulk metric given in (24) gives the radiation term in the effective Friedmann equation and one can read off its contribution to the energy density as
where we take M + = M − = M and the approximation comes from the assumption k + ∼ k − ∼ k. In order to extract the matter contribution to the Friedmann universe due to the string sources one can likewise read off
where α is given in (22) . From this scaling behavior of the energy density one can conclude that a string with constant tension T appears as a particle with effective mass m eff = T /k residing on our braneworld. To find phenomenologically low mass we would like to increase k as much as possible. For gravity to be weakly coupled so that the geometrical picture makes sense, we need to have k 
We find it intriguing that this is of the same order of magnitude as the estimated mass of the lightest known particles: the neutrinos. This is an encouraging and non-trivial observation. The low tension excludes fundamental strings and suggests the necessity of gauge strings or topological defects in the five-dimensional theory. To derive four-dimensional effective field theories matching the standard model will be an interesting, but challenging, problem.
Gravity on the braneworld
Let us now examine the nature of four-dimensional gravity on the braneworld. This can be studied by considering the projection of the five-dimensional Einstein equations onto the brane using the Gauss equation, R 
Taking a trace yields
Using contractions of the Gauss equation (29), ab can be written as 
Assuming that the extrinsic curvature of the brane is dominated by the five-dimensional cosmological constant, we can write K a b = kh a b + τ a b , where h ab is the induced metric on the brane and τ ab is sub-leading compared to k. Using this approximation (30) becomes
where a tensor written without indices represents the trace taken with respect to the induced metric, h a b . Taking the difference of this equation across the brane gives (ignoring terms of order τ 2 and higher)
/ (8πG 5 ), the junction condition (6) can be written as
and (33) can be written in terms of t a b as
which can be rearranged to give
(38) To investigate the nature of the four-dimensional Einstein equations, let us pick the bulk metric. As discussed in the previous section, we consider the bulk spacetime to be asymptotically AdS 5 with a uniformly dense cloud of strings. This corresponds to (24) ,
Placing the brane at r = a(τ) gives
which when inserted into (38) gives
where the right hand side has been split up into three pieces corresponding to a four-dimensional cosmological constant ( p = −ρ), four-dimensional radiation (p = ρ/3) and pressure-less dust (p = 0). The last term T brane corresponds to the stress tensor coming from worldvolume matter on the brane. We have used the definitions (10) to identify the term on the left hand side of the above equation with the four-dimensional cosmological constant. Since the right hand side of (41) has three pieces which go as the cosmological constant, radiation and matter, it is clear that the evolution of the brane is given by the Friedmann equation with these components. We can see this explicitly by computing the (τ, τ) component of the induced Einstein tensor computed from the FLRW metric on the brane,
Comparing this with (41) giveṡ
where, like in (41), we have shown the contribution of matter fields on the brane explicitly. It should be noted that the energy momentum on the brane contributes with a negative sign to the net energy momentum in the Friedmann equations. A related phenomenon concerns the negative contribution from the interior metric through M − .
It is important to understand that the actual energy that a four-dimensional observer measures is the combination of the energy on the brane and the effect of five-dimensional geometry. How worldvolume fields couple to and backreact on geometry will depend on the precise brane embedding and the theory under consideration. Without these couplings in hand, it is difficult to predict the nature of gravitational interactions of worldvolume fields. For instance, if the presence of worldvolume fields backreacts onto the bulk metric, then all processes taking place in four dimensions can be thought of as low energy shadows of processes that could be taking place at very high energies in five dimensions, where no troublesome signs arise. Particularly, the negative sign in front of T (brane) may evoke fears of tachyons, however as long as the worldvolume fields inherited from string theory are not tachyonic, there can be no catastrophes at high energy. While low dimensional couplings may look exotic, one would need a model specific set of field theoretic couplings to fully understand four-dimensional phenomenology. This is obviously a challenging direction for future work.
Discussion and outlook
Our model suggests that dark energy can be incorporated into string theory if we allow for time dependence in an extra dimension. Rather than insisting on a time independent vacuum, we make use of a phase transition which places our universe on an expanding bubble. There are several interesting and important questions to explore.
To make sure that our model can be embedded into string theory, we must find an explicit ten-dimensional vacuum with the desired properties. We took the first few steps in [4] . In particular, we need a sufficiently rich landscape of non-supersymmetric AdS 5 vacua so that we can find a small enough cosmological constant compatible with observations. In addition to finding a phenomenologically viable model in string theory, any explicit embedding of this process will be useful in answering open questions in string theory. In addition to possibly disproving the dS swampland conjecture, understanding the decay of AdS in detail may provide answers to questions about the validity of non-supersymmetric holography raised by [7, 8] and the proposed counter-example [37] .
A proper holographic interpretation of our model essentially involves three parts. First, an understanding of the nucleation process from the perspective of the dual field theory living on the boundary of AdS, second, a CFT description of the expansion of the bubble universe and the energy cost thereof and third, the effective field theory on the bubble universe itself. In [38] , a holographic field theory dual to Coleman-de Luccia [25] bubble was proposed in terms of an instanton action in the scalar sector of an unstable deformed CFT. This duality was established by matching the decay rates in the bulk and the boundary instanton actions. Once the bubble nucleates, the subsequent expansion can be interpreted as a renormalization group (RG) flow mediated by a relevant or marginally relevant deformation of the boundary CFT. This notion was cultivated recently in a simpler setting of AdS 3 /CFT 2 correspondence [39] where the afore-mentioned connection between the expansion of the bubble and the RG flow in the boundary CFT was argued in terms of the flow of holographic entanglement entropy along the expansion, although the exact nature of the relevant deformation responsible for the RG flow was not known from this analysis. One might expect the expansion to be dual to a double trace deformation of the boundary CFT similar in spirit of [40] . Other related studies of holographic braneworlds and decaying AdS cosmologies in the context of holography have been undertaken in [41] [42] [43] . However, it would be interesting to investigate all these ideas in our set-up, particularly in presence of string sources.
In an asymptotically AdS spacetime, strings stretching in the radial direction is the natural way to get massive particles in holography [44] [45] [46] . The presence of non-normalizable modes in these string backgrounds can change the structure of the boundary RG flow implied by an expanding brane. In particular, it would be worth investigating if in presence of these modes, we can set up a holographic dual to the nucleation and eventual expansion in terms of a full time-dependent RG flow. 6 Another interesting approach to understand the holography of our model would be to study
Green's functions both on the boundary CFT and for the effective field theory on the expanding brane. Similar computations for collapsing shells were done in [47] [48] [49] , where the motion of the shell in the bulk was shown to correspond to unstable excitations appearing as poles in the boundary Green's function. This computation can be generalized for an expanding shell and in the presence of string sources. Furthermore, in this line of approach, one can also compute the Green's function on the expanding shell providing with an independent way to understand effective gravitational field theory on the braneworld. Last, but not least, it would be interesting to connect the Green's function on the expanding shell to that on the AdS boundary in the light of recently proposed T T deformation of boundary CFT [50, 51] . This would be instrumental in understanding apparent (non) localization of gravity on our time-evolving braneworld. We shall report on progress in this direction soon. We also need to address the early universe. Can inflation be realized in our model? While inflation is a quasi-dS phase, an exact dS period of inflation is now completely ruled out by n s = 0.968 ± 0.006 [52] . Therefore, additional ingredients will be necessary to alter the spectral tilt and find an instance of slow-roll inflation consistent with observations. Interestingly, the eventuality of bubble collisions in our model provides potentially promising pathways for inflationary model building. It was shown in [53] that brane collisions can result in free passage for the branes for a certain range of relativistic scattering velocity. Additionally, open strings stretching between the branes will be created in the collision. The model [54] makes use of repeated collisions of this sort to provide an explanation for certain anomalies in the CMB power spectrum [55] . Finally, due to the creation of massive particles, collisions potentially provide a transition from a cosmological constant to a matter domination era.
Matter interactions and the realization of the standard model of particle physics is another important issue. The presence of branes and stretched strings suggest that the familiar D-brane constructions of gauge theories will be relevant. An important new feature is that it is now obvious that we need more than just fundamental strings. The endpoint of a string of tension T appears as a particle of mass T /k in the four-dimensional shellworld. Assuming a large five-dimensional cosmological constant (with no hierarchy across the shell) and setting a lower limit on the tension of strings at (TeV)², sets a lower limit on the particle mass to be of the order of magnitude of 0.1eV, which is, interestingly enough, of the same order of magnitude as the estimated mass of neutrinos. This is an encouraging and non-trivial observation. The low tension excludes fundamental strings and suggests that the five-dimensional stretched strings need to be either topological defects or gauge strings. To derive four-dimensional effective field theories matching the standard model will be an interesting, but challenging, problem.
Finally, the incorporation of black holes into our model is an interesting direction for future research. The formation of a four-dimensional black hole is expected to proceed through the collision of stretched strings in five dimensions. Hence, one would expect a black hole to correspond to a five-dimensional black string ending on the braneworld. A problem with such a solution is that it may suffer from a Gregory-Laflamme instability [56] . In [57, 58] , it was argued, in four dimensions, that black holes can be replaced by horizon-less black shells. If there is an instability of Minkowski space towards the formation of a bubble of AdS-space, it can be argued that a transition can be stimulated to occur if matter threatens to form a black hole. In [57] it was also argued that such black shells can be stable and thus correspond to a viable alternative to a black hole. The uplift of such a transition, with the black string replaced by a black tube, seems as a natural outcome in our model. Results of this approach will be reported elsewhere.
